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Abstract

The upper part of the continental slope in the northern South China Sea is prone to submarine landslide disasters,
especially in submarine canyons. This work studies borehole sediments, discusses geotechnical properties of
sediments, and evaluates sediment stability in the study area. The results show that sediment shear strength
increases with increasing depth, with good linear correlation. Variations in shear strength of sediments with burial
depth have a significantly greater rate of change in the canyon head and middle part than those in the canyon
bottom. For sediments at the same burial depth, shear strength gradually increased and then decreased from the
head to the bottom of the canyon, and has no obvious correlation with the slope angle of the sampling site. Under
static conditions, the critical equilibrium slope angle of the sediments in the middle part of the canyon is 10° to
12°, and the critical slope angle in the head and the bottom of the canyon is 7°. The results indicate that potential
landslide hazard areas are mainly distributed in distinct spots or narrow strips on the canyon walls where there

are high slope angles.
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1 Introduction

Oil and gas exploitation is gradually advancing to deep water,
with improvements in exploration and development technology.
Deep water oil and gas resources constitute an important part of
the growth in reserves (Wang et al., 2010; Thibodeaux et al.,
2011). The International Energy Agency’s world energy report in
2012 (IEA-WEO 2012) pointed out that the proportion of offshore
oil production is expected to reach 35% in 2050, half of which is
in deep water. With the experimental exploration and exploita-
tion of natural gas hydrates, the development of deep water
seabed resources has become a common goal of maritime coun-
tries around the world. However, compared with continental or
shallow water oil and gas production, deep-water oil and gas de-
velopment involves more risks and challenges (Randolph et al.,
2011), especially in deep water area with complex terrain, where
it is especially prone to geological hazards. Deep-water geologic-
al hazards are one of the biggest challenges in geoscience re-
search. Their scale and influence are far beyond that of hazards
on land and offshore. The volume of a large-scale sediment
transport in turbidity current exceeds the sum of sediments that
are discharged to the sea each year by all the rivers in the world
(Talling et al., 2007). Existing projects demonstrate that almost all

deep-water oil and gas resource development areas are affected
by geological disasters to various degrees. One problem that
needs attention is the instability of submarine slopes. This in-
stability may cause submarine landslides and turbidity currents,
which can destroy deep-water oil and gas exploitation infrastruc-
ture (Randolph et al., 2010; Krastel et al., 2014; Yuan et al., 2015).

The South China Sea is the southernmost marginal sea of the
eastern Asia. The northern South China Sea is a passive contin-
ental margin and contains a series of submarine canyons. This
area is rich in oil and gas resources, but also prone to submarine
landslide disaster (Wu et al., 2011; Guan et al., 2014; He et al.,
2014), especially in canyons on the upper part of the slope (Liu et
al.,, 2014; Xiu et al., 2015). This paper studies borehole sediment
cores from the continental slope of the northern South China
Sea, discusses engineering geology properties of sediments, and
evaluates sediment stability in the study area. It is important to
understand the engineering geology characteristics of sediments,
and safeguard the development of deep-water oil and gas ex-
ploitation.

2 Geological setting
The northern continental slope of the South China Sea ex-
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tends northeast from east of the Xisha trough in the west to
southeast of Taiwan in the east, following the contours of the
southern China coast (Chen et al., 2013). It is approximately 900 km
in length, and 143 km to 342 km in width. The submarine topo-
graphy fluctuates greatly, generally tilted from the Northwest to
Southeast. A series of canyons at different scales have developed
in the area, including southeast of Hainan Island, at the mouth of
the Zhujiang (Pearl) River Estuary, offshore of the Dongsha Is-
lands, and Peng-hu and Kao-ping Submarine Canyons in the
southwest of Taiwan Island (Ding et al., 2013). Below the slope is
the continental apron, above which there are about 150 m to 250 m
high hillocks or deep-sea fans. Seamounts in the deep-sea basin
are usually 600 m to 800 m higher than the adjacent seabed. Ac-
cording to the topography, the northern continental slope of the
South China Sea can be divided into three parts: the upper slope,
with slope angels of 1° to 3°, and up to 4.5° south of the Taiwan
shoal; the lower slope with slope angels of 2° to 4°, with the con-
tinental apron found at its junction with the deep sea basin (Xie,
1983); and the middle slope with notable terrain features, such as
three-level gradual terraces.

The research area ranges from 114.5° to 116°E, and 19° to
20.25°N. This area contains the Liwan 3-1 gas field, Liuhua 34-2
gas field, and Liuhua 29-2 gas field, all of which are under con-
struction.

3 Data and methods

In 2014 and 2015, we obtained 7 borehole samples in the
study area. The locations of the samples are shown in Fig. 1, and
the sampling depths are between 600 m and 1 700 m. Drilling was
carried out by Ship 708 of the China National Offshore Oil Cor-
poration (CNOOC). The volume weight (density), water content,
and undrained shear strength of the sediment samples were
tested. The cutting-ring method was used in the measurement of
volume weight; water content was tested by the gravimetric
method; and undrained shear strength was obtained by the elec-
tric cross plate method. The water depth and topography of the
study area were obtained from multibeam sonar, autonomous
underwater vehicle (AUV) deep tow multibeam echo-sounder,
and seismic data inversion (Chen et al., 2015).

114.5°

4 Results

4.1 Physical and mechanical properties

Change curves of water content and shear strength with buri-
al depth were plotted for each borehole (Fig. 2). The boreholes
are distributed from top to bottom along the canyon, and water
depth increases gradually. However, because of their different
locations in the canyon, the slope angles of the boreholes vary
widely. In all boreholes, water content decreases with increasing
burial depth. In shallow buried sediments, water content de-
creases rapidly with increasing burial depth; the greater the buri-
al depth, the smaller the decrease in sediment water content.
Borehole D03 has an abnormality from 0 to 5 m, where water
content increases with the increasing burial depth. This may be
attributed to the rapid accumulation of sediments at this loca-
tion, and the lower sediments have not yet drained for consolida-
tion. A gradual increase of sediment water content at the same
burial depth is seen from top to bottom of the canyon. Taking
surface sediments as an example, sediment water content in-
creases from the canyon head (water depth: 600 m) at 60%, the
middle canyon (water depth: 700 m to 1 200 m) at about 100%,
and to 150% at the canyon bottom (water depth: 1 700 m).

Sediment shear strength increases linearly with burial depth
in each borehole. The change rates in the canyon head and
middle are significantly greater than those in the canyon bottom.
Taking the burial depth of sediments with shear strength of 25 kPa
as an example, in Borehole D01 at the canyon head that burial
depth is 23 m; in other boreholes the burial depth increases from
15 m to 40 m with increasing water depth, indicative of a gradual
increase. In addition, the shear strength of the sediments and the
slope gradient of the drilling locations are not relevant; D01 and
D02 holes located in the upper area of the canyon with minim-
um gradient have relatively high shear strength and low water
content, while D06 and D07 holes located in the lower canyon
area with similar gradients have low shear strength and high wa-
ter content.

4.2 Shear strength
As shown in Fig. 2, sediment shear strength increases gradu-
ally with burial depth, and shear strengths at shallow burial

116.0°E

20.25°
N

19.35°
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Fig. 1. Bathymetric map and the sampling locations.
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Fig. 2. Water content and shear strength with burial depth for each borehole.

depths are relatively concentrated, in the range of 0 kPa to 10 kPa.
With increasing depth, shear strengths in different boreholes at
the same burial depth have a greater range. To better understand
the variations characteristics and their causes, this paper makes a
preliminary classification of the water depth characteristics of the
locations where each borehole was drilled, and scatter plots were
created for sediment shear strength with burial depth (Fig. 3).
Sediment shear strength and burial depth have a better linear
correlation after classification according to the water depth of
boreholes. The correlation coefficient of sediment shear strength
and burial depth for all boreholes classified according to water
depth is greater than 0.880, except for that of Borehole D07 loc-
ated in the canyon bottom, which is 0.771. This further indicates
that the vertical variations in sediment shear strength in the stud-
ied boreholes are closely related to water depth, but not closely
related to the slope gradient. The sediment shear strength in D07
is obviously lower than that in other boreholes. In Borehole D07,
shear strength of the surface sediments is only 4.8 kPa, and shear
strength at 40 m burial depth is only about 30 kPa. The change
rate of shear strength with burial depth is only 0.467 kPa/m,
while the change rate in the canyon head and middle areas is
0.70 kPa/m to 0.85 kPa/m. Compared with sediments at the bot-
tom of the canyon, sediments in the head and middle of the
canyon have a significantly lower water content but higher shear
strength.

To better understand variations in shear strength with burial
depth for boreholes in different water depths, a trend line distri-
bution characteristics graph of shear strength with burial depth
in different water depths is shown in Fig. 4. Shear strength in the
Borehole D07 at the bottom of the canyon is significantly smaller

than that in the head and the middle part of the canyon. The
physical and mechanical properties are characterized by high
water content, high void ratio, low volume weight, and under-
consolidation. In addition, the change rate of shear strength with
burial depth for other water depths in the study area is small,
and the trend line gradient for each borehole is basically the
same, which is between 0.704 and 0.847. Only the shear strengths
of surface sediments are different, at 3.3 kPa to 9.0 kPa. For sedi-
ments at the same burial depth, shear strength increases first and
then decreases as water depth increases from the head to the bot-
tom of the canyon.

4.3 Stability evaluation of sediments

The regional stability of submarine sediments in the study
area was evaluated quantitatively with the limit equilibrium
method (Gu, 1996; Brand et al., 2003; Li et al., 2017). The stability
of an infinite slope is studied quantitatively with the safety factor
F;. The formula is as follows:

U
r ZCOSZOL) tan
)
where 7 and ¥’ are the volume weight and effective gravity of the
sediments, respectively, Z is the burial depth of the sliding sur-
face, «is the slope angle, ¢’ is the internal friction angle, ¢’ is the
cohesion force, U is the pore water pressure, and @ is the acceler-

ation of the earthquake. In the case of no seismic load, =0 in the
above formula.
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Fig. 3. Correlation scatter plot of the shear strength and buried depth.

Sediment stability was evaluated using the infinite slope limit
equilibrium method under static conditions. Sediment shear
strength is obtained by calculation from the data shown in Fig. 4.
The effective gravity is obtained using the average value of sedi-
ment in each borehole. The stability of sediments at slopes of
2.5° 5.0°, 7.5° and 10° is quantitatively evaluated by calculating
the safety factor for different burial depths. The variations of
safety factor with burial depth in Borehole D01 under different
slope conditions are shown in Fig. 5 as an example. For a given
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Fig. 4. Variations of sediment shear strength with burial depth
for boreholes in different water depths.

slope angle, with increasing burial depth of a potential sliding
surface, sediment stability decreases gradually, with an obvious

power function relationship between them. For sediments with
the same geotechnical properties and different slope angles, the
safety factor at the same burial depth decreases gradually with in-
creasing slope angles, and the rate of decrease slows significantly.
After calculating the variations in safety factor under different
slope angles, the slope angle for sediments in the critical equilib-
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Fig. 5. Variations in safety factors under different slope angles

and burial depths in Borehole DO1.
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rium state under static conditions is calculated by setting F=1.
Safety factors for submarine slopes at different water depths and
critical equilibrium angles are shown in Table 1. Shear strength
varies with water depths in the middle canyon, but due to the
good correlation between sediment volume weight and shear
strength in each borehole, the critical equilibrium slope angles

obtained do not differ much, and are between 10° and 12°. Shear
strengths at the head and bottom of the canyon also differ.
However, the critical equilibrium slope angles of sediments in
these areas are both at 7°, due to the differences in the sediment
volume weight.

Table 1. Safety factors for submarine slopes at different water depths and slope angles

Water depth of the boreholes/m Safety factor Critical equilibrium angle
2.5° 5.0° 7.5° 10°
600 2.894 1.448 0.967 0.727 7.2°
700-800 3.895 1.949 1.302 0.978 9.7°
1 000-1 100 4.711 2.358 1.574 1.183 11.7°
1200 4.609 2.307 1.540 1.158 11.6°
1700 2.696 1.349 0.901 0.677 6.7°

4.4 Evaluation of regional stability

Using the critical slope angle of sediments in different re-
gions under limit equilibrium conditions, overall sediment stabil-
ity in the study area is evaluated. The study area can be divided
into three regions. Among them, the critical slope angle of sedi-
ments in the head and bottom of the canyon is 7°, and the critical
slope angle in the middle part of the canyon is 10°. The stability of
sediments in the study area can be evaluated by identifying po-
tential landslide hazard areas from the topography, when the
canyon head and bottom slope angles are greater than 7°, or the
middle canyon slope angle is greater than 10°. A map of potential
landslide hazard areas is shown in Fig. 6. Potential landslide haz-
ard areas are mainly distributed on the canyon walls in areas with
high slope angles. Xu et al. (2013) reported on turbidity currents
resulting from local canyon wall slumping in a relatively big sub-
marine canyon, indicating that frequent occurrences, in both
space and time, of small-scale turbidity currents could be an im-
portant mechanism to cascade sediments and other particles in a
big submarine canyon. This is consistent with the findings of this
work, that hazard areas were mainly located on the canyon walls.
In the study area, the potential landslide hazard areas are dis-
tinct spots or narrow strips, which is consistent with the previous
findings (Li et al., 2015).

5 Discussion
5.1 Stability analysis under the earthquake effects

According to the potential area divided by the seismic struc-
ture in the study area, and the attenuation law of ground motion

parameters obtained from local seismic intensity data and strong
shock records, seismic risk probability analysis shows that earth-
quake acceleration @ with a 50-year exceedance probability of
10% is 0.040 g to 0.071 g (Fig. 7). This work set @ as the maximum,
0.071 g, to be conservative in analyzing regional stability of the
study area under earthquake effects.

Taking Borehole D01 as an example, variations in safety
factor with different burial depths and slope angles are shown in
Fig. 8. For a given slope angle, sediment stability decreases
gradually as the burial depth of the potential sliding surface in-
creases. For sediments with the same geotechnical properties
and different slope angles, the safety factor at a given burial
depth decreases gradually with increasing slope angle. Com-
pared with static conditions, sediment stability under earth-
quake effects is significantly reduced, and the range of the poten-
tial landslide hazards in the study area is significantly increased.
After calculating the sediment safety factor under different slope
angles, the critical slope angle for sediments in the equilibrium
state under earthquake effects is calculated by setting F=1. Safety
factors for different slope angles and critical angles under earth-
quake effects at different water depths are shown in Table 2. The
critical equilibrium slope angle in the middle of the canyon un-
der earthquake effects is still greater than that in the canyon head
and bottom, but is reduced from 10° to 12° under static condi-
tions to 6° to 8°. The critical equilibrium slope angle of the
canyon head and bottom is reduced from about 7° to about 3°.
The data indicate that earthquakes have a significant influence
on regional sediment stability, but landslides occur infrequently
in the study area due to low seismic activity.

Fig. 6. Map of potential landslide hazard areas under static condition.
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5.2 Shear strength distribution analysis

Under normal conditions, sediments are deposited and con-
solidated under gravity stress and overburden stress. Shear
strength increases with increasing burial depth. But if discon-
tinuities or landslides occur, the curves for shear strength with
burial depth change with the variations in deposition processes.
Borehole D01 is located in a flat area of the canyon head, where
sediment has normal continuous deposition and compressive
strength increases with increasing burial depth under gravity
stress. Boreholes D02 and D04 are located in the middle of the
canyon, where the slope is large and is prone to landslides. Land-
slides may occur after sediment deposition and consolidation,
due to submarine currents and earthquakes. Surface sediments
may collapse and be transported away, exposing the underlying
sediments. Compared with the head of the canyon, sediment
shear strength in this area is relatively high and water content is
relatively low. Borehole D07 is located in the bottom of the
canyon, changes in shear strength are not obvious with increas-
ing burial depth. The change rate of shear strength is signific-

antly lower than in other regions, and sediments are character-
ized by high water content and high compressibility. The bottom
of the canyon is the sink for landslides. Large sediment volumes
with high water content from landslides accumulate at the bot-
tom of the canyon. Sediments are disturbed in the process of slid-
ing, and lose their original physical and mechanical properties.
Sediment shear strength increases and then decreases from the
head to the bottom of the canyon area, while the trend of water
content is the opposite, which is also indirect evidence of land-
slides in the study area.

The variations in sediment shear strength with burial depth
from the head to the bottom of the canyon, reflect different sedi-
mentary environments and processes in different areas. The vari-
ations of shear strength with burial depth are also indirect evid-
ence of landslides.

5.3 Scientific significance and application

Gu (1996), Zhang and Luan (2012, 2013) evaluated sediment
stability on the northern continental slope of the South China
Sea. However, the data on physical and mechanical properties of
sediments were limited due to the limited number of boreholes.
The whole study area is represented by small numbers of bore-
holes, and there is no ability to differentiated sediment mechan-
ical properties in the study area. The critical equilibrium slope
angles of sediments in the research area under static conditions
are calculated using the physical and mechanical data, but no
similar calculations are done based on differences in sediment
physical and mechanical properties at different slope locations
and water depths.

The results of this work show that the physical and mechanic-
al properties of sediments in different areas of the submarine
canyon are very different. Taking the water content and sedi-
ment shear strength as an example, from the head to the bottom
of the canyon, the shear strength gradually increases and then
decreases with increasing water depth. The trend of water con-
tent is the opposite, but there is no significant correlation
between sediment physical and mechanical properties and the
slope angle at the sampling location.

Based on the infinite slope limit equilibrium method, the crit-
ical equilibrium slope angles of sediments in different areas of
the canyon were calculated under static conditions. The results
show that shear strength varies with water depth in the middle
canyon area, but due to the good correlativity between sediment
volume weight and shear strength in each borehole, the critical
equilibrium slope angles among the boreholes do not differ
much, and are between 10° and 12°. Shear strength at the head
and bottom of the canyon differs more, but due to the differ-
ences in sediment volume weight, the critical equilibrium slope
angles of the two areas are both about 7°. From these results, the
study area is divided into three different areas. Regional sedi-
ment stability is evaluated according to the topography, and po-
tential landslide hazard areas are identified where the canyon
head and bottom slope angles are greater than 7°, or the middle

Table 2. Safety factors for submarine slopes under earthquake effects

Water depth of the boreholes/m 25° 5. OOSafety fact0r7. 5 00 Critical equilibrium angle
600 1.112 0.806 0.633 0.523 3.2°
700-800 1.497 1.085 0.852 0.703 5.7°
1000-1100 1.811 1.312 1.031 0.851 7.8°
1200 1.772 1.284 1.009 0.832 7.6°
1700 1.036 0.751 0.589 0.487 2.7°
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canyon slope angle is greater than 10°.

The results indicate that when evaluating the regional sedi-
ment stability in continental slope or canyon areas, physical and
mechanical properties of the sediments should be studied first.
When the physical and mechanical properties of sediments in
different areas differ greatly, the study area should be divided, to
calculate critical equilibrium slope angles in different subareas
under static conditions.

5.4 The representativeness of boreholes and the prospect

The conventional method for research on submarine sedi-
ment stability is to collect enough boreholes samples to fully as-
sess the potential hazards. Sufficient sampling can obtain the en-
gineering geological parameters needed to assess the stability of
the seabed in shallow water. It is impossible to get enough sam-
ples in deep waters, owing to such variables as the impacts of wa-
ter depth, technology and cost. It is unrealistic to evaluate the
physical and mechanical properties of sediments in the same
way as in shallow waters. Usually, key sampling and evaluation of
representative sedimentary profiles or potentially hazardous
areas are performed. Although the causes and sedimentary envir-
onments of the canyons in the study area are basically the same,
when the incomplete and discontinuous survey data must rep-
resent the whole, the geological parameters of important inflec-
tion points may be overlooked, which may lead to imperfect un-
derstanding of regional sediment stability.

Therefore, it is particularly important to explore an economic
and feasible method for obtaining engineering geological para-
meters for comprehensive coverage of deep-water areas. Li et al.
(2017) predicted potential landslide zones using seismic amp-
litude in Liwan gas field, northern South China Sea. However, the
correlation between seismic amplitude and sediment shear
strength is poor, due to few numbers of boreholes and less para-
meter variables. The evaluation of regional sediment stability
may also be flawed, as the inversion obtained the average value
of shear strength in sediments of 12 m depth. But the exploration
is very meaningful. In the future, we can try to establish correla-
tions among multiple parameters by collecting large amounts of
physical and mechanical data for borehole sediments and corres-
ponding seismic amplitude data. Using physical and mechanical
properties of sediment from different areas, full coverage of the
engineering geological characteristics of large deep-sea areas can
be obtained quantitatively to evaluate the regional stability.

6 Conclusions

(1) There is good linear correlation between shear strength
and burial depth of borehole sediments. The change rates of
shear strength with burial depth in the canyon head and middle
areas are 0.70 kPa/m to 0.85 kPa/m, and it is only 0.467 kPa/m in
the bottom of the canyon.

(2) For sediments with the same burial depth, as the water
depth increases, shear strength generally increases and then de-
creases, while the trend of water content is opposite. There is no
significant correlation between the physical and mechanical
properties of sediments and the slope angle of the borehole loca-
tion.

(3) Under static conditions, the critical slope angle is between
10° and 12° in the middle of the canyon under limit equilibrium
conditions, while the critical slope angle is around 7° in the head
and bottom of the canyon. Potential landslide hazard areas are
mainly distributed on the canyon walls, in distinct spots or nar-
row strips.
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